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%'hen exposed to intense light of -580 nm, the ground state of K shifts up in energy, passing through
two photon resonances with Rydberg states, and finally crossing the two-photon ionization limit. We
have used laser pulses of varying duration to study the nature of the population transfer from the ground
state to the excited state due to the intensity-tuned resonances encountered during the rising edge of the
pulse. A dynamic Floquet approach in which the resonances are treated as avoided crossings of the Floquet energy levels is used to model the population transfer and gives excellent agreement with the data.
The model is extended into the strong-coupling regime where the ground state interacts with many excited states simultaneously, and we show that this model can be used to describe multiphoton ionization as
a series of avoided crossings with the continuum.

PACS number(s): 32.80.Rm

I. INTRODUCTION
shift of
The importance of the intensity-dependent
atomic energy levels in multiphoton ionization has been
demonstrated by a number of experiments [1 —7]. During
an intense laser pulse the relative ac Stark shifts of the
atomic energy levels may bring the ground state into multiphoton resonance with the excited states [3—7], and the
occurrence of these multiphoton resonances has been
shown to greatly increase the probability of ionization
[4]. In general, the ground-state energy shifts through
multiphoton resonance with several excited states on the
rising edge of the pulse, and how rapidly the states pass
through the resonance is, not surprisingly, important. A
natural way of describing the evolution of such a system
is to apply the "curve crossing" approach of slow atomic
collisions to the Floquet states of the atom in the periodic
laser field [8 —10]. This approach naturally leads to the
conclusion that for very short pulses, resonances encountered in the rapidly changing intensity of the rising edge
of the pulse are less important than those encountered
near the temporal peak of the pulse, when the intensity
changes much more slowly [4, 11,12]. In contrast, for
long pulses the first resonances encountered can determine the outcome by taking all the population from the
ground state.
In a previous paper we briefly discussed a multiphoton
excitation and ionization experiment in K and compared
the experimentally observed variation of the final state
population with laser pulse length to calculations based
on the dynamic Floquet model mentioned above [7].
Here we present a more complete description of an expanded set of experiments and the dynamic Floquet model. The paper is organized in the following way. In Sec.
II the dynamic Floquet model which is used to analyze
the experiment is introduced. In Sec. III the experimental setup is described, and the experimental data are
presented. In Sec. IV the Landau-Zener formula used in
the dynamic Floquet model is extended to the strongcoupling regime in which the ground state interacts with
and experimental data are
many states simultaneously,
1050-2947/94/50(2)/1607(11)/$06. 00
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presented which show that the Landau-Zener formalism
is still useful in this regime. A theoretical extension to
infinitesimal spacing, i.e., the continuum, is presented
which suggests an alternative view of multiphoton ioniza-

tion.

II. THE DYNAMIC

FLOQUET MODEL

shows the relevant energy levels of potassium
shown in the figure are the two 4s Floquet
states, corresponding to the one- and two-photon dressed
ground states. The essential idea of the Floquet approach
is that the energy of any state can be shifted by an integer
times the photon energy, so that all states lie in an energy
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FIG. 1. The relevant energy levels of K are shown along with
the one- and two-photon interaction. The states ~4s, l) and
~4s, 2) represent the dressed ground state with one and two photons, respectively. During the laser pulse, interaction between
the ~4s, l ) and ~4p ) states causes an upward shift of the ground
state. An expanded view of the ~4s, 2) state shows that as the
ground-state energy increases, the ~4s, 2) state passes through a
series of anticrossings due to interaction with the nd Rydberg
series. For a sufficiently large shift, the ~4s, 2) state crosses into
the continuum so that two photons can ionize the ground state.
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band spanning hv. With electric-dipole coupling, evenparity states, which have Xh v added to their energies, are
coupled to odd-parity states with (.V+1)hv added to
their energies. At zero intensity, the dressed states have
the energy of the ground state plus an integral number of
I:hotons. The energy of the ground state plus one photon
lies approximately 0.5 eV above the 4p state. As ihe intensity is increased, the interaction between the 4s Floquet state and 4p state causes the energy of the 4s state to
shift upward. This shift can be seen in Fig. 1 as a repulsion between the ground state dressed with one photon
and the 4p state, due to a laser pulse of 1-ps duration.
The energy of the ground state plus two photons, at zero
intensity, lies just below the ionization limit. At sufticient
intensity the energy of the ground state pulse two photons is shifted above the ionization limit so that twophoton ionization can occur.
The two-photon ionization of the ground state, because
of the relatively low order of the process, is easily saturated. For a laser pulse with sufhcient intensity to shift the
4s Floquet state above the two-photon ionization limit,
all atoms in the ground state would be expected to be ionized. However, to reach the ionization limit, the ground
state passes through two-photon resonances with the
Rydberg states during the rising edge of the laser pulse.
These resonances can lead to population trapping in the
Rydberg states and thus partial, or in the extreme case,
total depletion of the ground state before two-photon ionization can occur. Figure l shows an expanded view of
the Floquet states near the ionization limit. As the 4s
Floquet state shifts upward, the two-photon interaction
between the ground state and the nd Rydberg states produces a series of avoided crossings between the '4s, 2&
Floquet state and the Rydberg states. Here 4s, 2 ~
denotes the ground state plus two photons. These energy
levels are calculated by diagonalizing the adiabatic Floquet energies at each laser intensity for a fixed laser frequency. Qnly the relative shift between the ground state
and the Rydberg states is shown. The ponderornotive
shift, which is common to all of the atomic states, is
neglected. The inclusion of the ponderomotive
shiIt
would raise the energy of all of the states so that Rydberg
states would also show a shift during the laser pulse.
Only the nd Rydberg states are shown because circular
polarization was used in the experiment so that the
-- 2 states.
With
4s, 2 ) state interacts only with / —
electric-dipole coupling the ground state is not coupled to
other l states. Before the 1aser pulse, the atoms are in the
4s ground state. As the laser pulse turns on, the system
moves through the avoided crossings. For a sufFieiently
rapid increase in intensity and thus rapici passage
through the avoided crossings, we would expect the system to evolve diabatically, so that all of the atoms remain
in the ground state. For a su%ciently slow increase in intensity, we would expect the system to evolve adiabatically so that after passage through the first avoided crossing
(with the 14d state in Fig. 1), all of the atoms would be in
the excited state. The adiabatic case is shown in Fig. 1 as
the solid line with arrows.
The significance of the population of the Rydberg
states during the rising edge of the pulse is that the Ryd~
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berg states are less likely to be photoionized than the
ground state [14—17]. Even though the photoionization
of the Rydberg states is a one-photon process, the cross
sections for photoionization are small. Since a Rydberg
electron must exchange rnomenturn with the ion during
photoabsorption to conserve both momentum and energy, the electron can only absorb photons when it is near
the core. The Rydberg electron spends the majority of its
time at its classical outer turning point, far from the core,
where it can not absorb a photon. In contrast, in the
ground state the electron is near the core so that, even for
a two-photon process, the photoionization probability is
relatively large. For two-photon ionization of the 4s
ground state of K just above the two-photon ionization
limit we calculate the cross section to be
0.„,=1,0X10

'

crn

s

which gives a saturation intensity, for a 1-ps pulse
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at A, =580 nm. The cross section for one-photon
tion of the 14d state is calculated to be

—

7. 5X10
&,4„—

:

-'"

cm'

which gives a saturation
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intensity, for a 1-ps pulse,

4. 6 X 10 W/cm

~4d )

The saturation intensity is over 40 times greater for the
one-photon process from the Rydberg states than the
two-photon process from the ground state. The photoionization cross sections scale as
so that the saturation intensity increases for higher Rydberg states. The
relative probability of ionization suggests that an atom is
more likely to survive a laser pulse which has sufhcient
intensity to shift the 4s Floquet state above the ionization
limit if it makes a transition to a Rydberg state during
the rising edge of the pulse. The presence of resonances
encountered during the rising edge of the pulse can, in
this system, result in population trapping and the inhibition of multiphoton ionization.
The probability of remaining in the 4s Floquet state
after traversing an anticrossing can be obtained using the
Landau-Zener fo. mula. For an avoided crossing with a
particular n state, the probability is given by [18,19]

n,

P,, r.
I

}=exp-

—2~V,,
d 8'/dt

where 8' is the difference in energy between the 4s and nd
Floquet energies and V„ is the coupling between the two
states. The two-photon coupling between the 4s and nd
states, iri atomic units, is given by

(ndizin'p ) (
fl

N'~

„

'pn~z~4s

)

z

(6)

where (ndi~zIn'p) and ( np~z~4s) are electric-dipole matrix elements, and E is the laser field amplitude with
F. =(Sm/c)I, where
is the laser intensity. The denominator of Eq. (6) is the detuning of the laser from the
4s-n'p resonances. Equation (6) is written in terms of

I
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linear polarization for simplicity. Circular polarization
was used in the experiment so that z is replaced by
(x +iy)/2 .The laser is tuned near the 4s-4p resonance as
can be seen in Fig. 1, and in K, nearly all of the oscillator
strength from the 4s state is in the 4s-rp resonance, so
that only the 4p state has a significant contribution to the
two-photon coupling of the 4s state to the nd states. The
coupling is then given to a good approximation by
&

nd~z[4p

n

) &4p~z[4s )

4s4p

—

CO

This coupling represents the on resonant, two-photon
Rabi frequency, which is the minimum energy separation
of the avoided crossings. The only variation of V„with n
is due to the &nd~z~4p ) matrix element, which scales as
so the avoided crossing size decreases with n.
However, the decrease is slower as a function of n than
the spacing between states which decreases as
suggesting that for sufficiently high n, the system no longer
passes through isolated avoided crossings. This situation
will be considered in Sec. IV. For the present we shall assume the avoided crossings to be isolated, i.e., V„ to be
much smaller than the spacing between Rydberg states.
To reach the two-photon ionization limit, the 4s Floquet state must pass through an infinite number of avoided crossings. The final population remaining in the 4s
Floquet state as it crosses the limit is given by

n,

P

n,

=gP(n),
n=i

where i is the first avoided crossing encountered (n =14
in Fig. 1). The population given by Eq. (8) represents the
percentage of atoms which can undergo two-photon ionization by the laser pulse. If the 4s Floquet state is completely depleted, then no atoms can be ionized by two
photons. The population in the excited state no after the
rising edge of the pulse is given by
n

—1

0
P„=[1 P(no}] g—Pg(n)

which is the probability of making a transition from the
4s Floquet state to the no state times the population left
in the 4s state after traversing all previous avoided crossings.
So far we have only considered the rising edge of the
laser pulse. Figure 1 shows that the system passes
through the same avoided crossings on the falling edge of
the pulse. The avoided crossings traversed on the falling
edge will also produce transitions. In particular, consider
the fully adiabatic limit in which all of the population is
left in the excited state after the first avoided crossing.
During the falling edge of a temporally symmetric pulse,
all of the population will return to the 4s Floquet states
as shown by the arrows in Fig. 1. So in the final state of
the system, after the laser pulse, all of the atoms are in
the ground state except for those atoms which were photoionized from the excited state. Since we saw in the previous discussion that the probability of photoionization is
smaller for the excited-state atoms than for the ground-

..
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state atoms, the fully adiabatic limit provides a method of
shelving the atom during the laser pulse but leaving the
system in the ground state after the pulse.
The transition probabilities shown in Eq. (5) are based
on the assumption that the energy difference between the
4s and nd Floquet states varies linearly with time. It was
shown by Rubbmark et al. that the Landau-Zener transition probability is a good approximation as long as the
energy difference varies approximately linearly over the
range of the avoided crossing [20]. In the case where the
avoided crossing occurs near the peak of the laser pulse
this approximation is not valid. To describe this important case McIlrath et al. extended the Landau-Zener
method to include the second derivative of the energy
separation. Their expression for P (n) has the form [12]

—2m V„

P (n) = exp

~dW/dt's+a

~dW /dt

(10)
~

', )'~ [I'( —,
where n=(1/2n. )( —
')] . The correction has a
non-negligible effect on the transition probability only
when the first derivative is nearly zero. Another case of
some interest is one considered by Vrijen, Hoogenraad,
and Noordam [21]. Consider an n-photon resonance
where n is reasonably large,
which is encountered on
the rising edge of the pulse. In this case the coupling matrix element can increase more rapidly than the tuning of
the levels, so that the levels no longer cross in the usual
sense. The standard Landau-Zener formula is clearly
inapplicable in this case.
With the expression in Eq. (10), we can calculate the
probability of remaining in the 4s Floquet state, given the
time-dependent
shift of the energy levels and the coupling, which both depend on the laser pulse. In our experiment we have a laser pulse with an approximately
Gaussian temporal dependence

-6,

I =Ioexp(

t /r

)—

where ~ is the temporal parameter, which is related to
the full width
at half maximum,
'TFwHM
by
' . The rate of change of the intensity is
1
1FwHM(ln2}
given by

d
dt

I)]'~
I = 2I [ ln(IO/—

(12)

and at the peak of the pulse the second derivative is

dt

—2I0

I=

The intensity-dependent
shift of the 4s Floquet state is
given by lowest-order perturbation
theory, in atomic
units, as

a=U,

g,

2

n

CO4snp

3

'"', f&4s)z/np) [',

(14}

CO

where co4sn is the resonant frequency of the 4s-np transition and co is the laser frequency. U is the ponderomotive energy in atomic units,
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(15)
In K virtually all of the oscillator strength from the 4s
state is in the 4s-4p transition, so we neglect all other
terms in the sum and use the oscillator strength sum rule
to give
CO

P

CO

4s4p
2
Q)4~4p

2

=1.3U

(16)

for the laser frequency of 580 nm used in the experiment.
A shift of 1000 cm ' is produced by a laser intensity of
3. 8 X 10' W/cm . For a laser tuning near the 4s-4p resonance, as is the case in this experiment, we can use the
rotating-wave approximation, neglecting the negative energy term to give
p2

4s4p

4(co4, ~

(17)

—co)

with the interaction between states given by

V'„„= "Il(4sfzl4p)l'.

(18)

C

Equation (17) is the shift obtained by diagonalizing the
two-state problem with the 4s and 4p Floquet states, in
the limit that the interaction is much smaller than the energy separation of the states. We can now relate the
two-photon interaction V„given by Eq. (7) to the shift of
the ground 4s state with the following expression:

"

&4p lzlnd
&4slzl4p

)
&

where 6„ is the shift of the 4s Floquet state necessary to
bring the 4s and nd Floquet states into resonance. Equation (19) shows that the interaction of the 4s and nd Floquet states is proportional to the shift of the 4s state. The
ratio of the dipole moments is given by [22]
&

4plzlnd

—3/p

&

(4slz 4p)
The final result for the probability of making a diabatic
transition is given by

Ps(n)

= exp
= exp

2~V„'(r/2b

I+a[ In(b.

„)e-

,„/b, „)]'

—16~( 1.6 ) n
1+ e[ ln( b, „/6 „)] '

1

(21)

state at the peak
5,„laserthe shift of the 4s Floquet
'I
e=(b, „r3/)'

where
of the

is

=1.58(b, „r)'~ .

pulse

and

n

'
( —, )

The shift b, „ is dependent on the initial
tuning of the laser. Given the initial tuning and the maximum ac Stark shift of the 4s Floquet state, the transition
probabilities to all the Rydberg states can be calculated
using Eq. (21). In the next section, in which the experiment is described and the data are presented, Eq. (21) will
be used to model the population transfer to the Rydberg
states during the laser pulse.
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III. EXPERIMENTAL

APPROACH

AND OBSERVATIONS

The experiment was performed by exciting K atoms in
an effusive atomic beam with a focused ps dye laser beam.
A Coherent 700 mode-locked tunable dye laser was
pumped by an Antares mode-locked Nd:YAG laser. A
regenerative Nd:YAG amplifier was used to pump a
three stage dye amplifier which produced 1-mJ pulses.
The length of the dye laser pulse could be varied from
420 fs to 13 ps. The dye laser beam was circularly polarized and focused to a beam waist of approximately 30-pm
diameter at the intersection with the atomic beam. Using
electron energy analyzer we could
a time-of-Right
discriminate between two- and three-photon ionization of
the ground state. Alternatively, the population left in the
Rydberg states could be detected using field ionization
plates. In the latter case, a ramped voltage with a l-p, s
risetime was applied to the plates 100 ns after the laser
pulse, producing a time-resolved field ionization signal
from individual Rydberg states. The electrons produced
by both photoionization and field ionization were detected with microchannel plate detectors.
The maximum ac Stark shift was measured by tuning
the laser below the two-photon ionization limit by a
specific value, such as 100 cm ', and attenuating the
laser while monitoring the production of low-energy electrons. The low-energy electrons were those electrons reof the 4s
photoionization
sulting from two-photon
ground state. The relative intensity of the laser was monitored using a photodiode. When the peak ac Stark shift
was less than 100 cm ', no production of low-energy
electrons was seen since the 4s Floquet state did not cross
the ionization limit. When the peak ac Stark shift
reached the ionization limit, a sharp threshold in the production of low-energy electrons was observed. This
threshold provided an accurate intensity calibration of
the peak laser intensity.
Typical threshold data are
shown in Fig. 2 for tunings of 50, 100, and 200 cm
below the two-photon ionization limit. The data show
the ionization signal versus photodiode voltage. From
these data we can calculate the peak ac Stark shift in
terms of the photodiode voltage to be b, =363 cm '/V.
This calibration technique made it unnecessary to measure the minimum beam waist to obtain the peak intensity of the laser pulse. The largest intensity used in the experiment was 7. 5X10' W/cm, which produced an ac
Stark shift of 2000 cm
Figure 3 shows the Rydberg state population after the
laser pulse for four different pulse lengths and two laser
frequencies, 17 180 and 17 300 cm '. These tunings correspond to the zero field 4s Floquet state being just below
the 14d and 17d states, respectively. The horizontal axis
shows the time at which the atoms were field ionized by
the ramped voltage so that increasing time corresponds
to decreasing values of n. The doublet structure seen at
lower n is due to two different
values which ionize at
slightly different fields. Although the laser was circularly
=2 Rydberg states, the ionpolarized to produce I =2,
izing electric field was orthogonal to the laser propagation direction, which created a superposition of
states.
The + symbols represent the calculated Rydberg spectra

I
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FIG. 2. The low-energy electron signal is shown versus photodiode voltage, which represents the relative intensity of the
laser pulses. The tunings for (a), (b), and (c) are 50, 100, and 200
below the two-photon ionization limit, respectively. The
cm
threshold voltage where ionization turns on marks the intensity
where the peak ac Stark shift is equal to the detuning from the
ionization limit. The threshold intensity increases linearly with
detuning.
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FIG. 3. The residual Rydberg state population detected by
field ionization is shown for pulse widths of 0.42, 1.0, 4.5, and 13
ps, with laser frequencies of 17 180 and 17 300 cm '. The x axis
shows the time at which the atoms were ionized by the electric
field which was ramped on after the laser pulse. Also shown is
the calculated spectra (+). For the 17180 cm ' tuning in (a),
(e), (e), and (g), the zero-field position of the I4s, 2) Floquet state
is just below the 14d state. For the 17300-cm
tuning in (b),
{d), (f), and (h), the I4s, 2) state is just below the 17d state
doublet structure is due to different m& values which ionize at
slightly different fields.
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which include averaging over the Gaussian spatial profile
of the laser beam. The only adjustable parameter in the
calculation was the overall normalization. As can be seen
in Fig. 3, the 0.42-ps pulse populated a large range of
Rydberg states. This large range is due to the relatively
fast passage through the avoided crossings on the rising
edge of the pulse, resulting in a small transfer of population to any one state. Even though the transition probabilities to individual Rydberg states during the rising
edge of the laser pulse were small, the accumulated effect
of the entire Rydberg series produced a dramatic decrease in the ground-state population by the time it
reached the ionization limit.
As the pulse length was increased, the final Rydberg
state population became more concentrated in the lower
n states. For the longer pulses the atoms traversed the
first few avoided crossings more adiabatically, which depleted the 4s population and left no atoms to populate
higher n states or cross the two-photon ionization limit.
The depletion of the 4s state can be seen easily in Fig.
3(e), where population is seen only in the first three states,
even though there was sufficient intensity to shift the
ground state above the two-photon ionization limit. In
this case all the atoms made a transition to the Rydberg
states early in the pulse. The data in Fig. 3(g) show the
result of a fuHy adiabatic passage through the anticrossing with the 141 state. In this figure, no population is observed in any Rydberg state. The lack of signal in Fig.
3(g) is not due to low peak intensity; the intensity was
sufficient to shift the ground state through three Rydberg
state resonances. The lack of population is due to the almost completely adiabatic transitions both from the 4s
state to the 14d state on the rising edge of the pulse and
from the 14d state back to the 4s state on the falling edge
of the pulse, as shown by the arrow in Fig. 1. During the
peak of the pulse these atoms were in the 14d state,
which was less likely to be photoionized than the ground
state. If the coupling to the Rydberg states is reduced, as
is the case for the higher tuning in Fig. 3(h), the passage
becomes partially diabatic so that population is again
seen in the Rydberg states.
In Figs. 4(a), 4(b), and 4(c) we show the low-energy
electron yields from two-photon ionization as a function
of laser wavelength for pulse durations of 4.5, 1.0, and
0.42 ps, respectively. These signals represent ionization
of atoms which did not make a transition to a Rydberg
state, but are ionized by two photons from the ground
state when it passes above the two-photon limit. In the
Figs. 4(a) —4(c), the ionization signal shows a rapid decrease when the laser was tuned below the two-photon
ionization limit at 17505 cm ' and is constant above it.
Ionization is observed farthest below the limit for the
shortest pulse, for in this case atoms in the 4s Floquet
state are more likely to pass diabatically through the
avoided crossings with the Rydberg states and be ionized
by two photons.
Assuming that the atoms are all initially in the 4s F1oquet state, we have calculated the two-photon ionization
spectra for the three pulse lengths of Figs. 4(a), 4(b), and
4(c). The results, which include spatial averaging, are
shown by the solid lines in Figs. 4(a), 4(b), and 4(c). The

The.

J. G. STORY, D. I. DUNCAN,

1612

i

.
(w

&

t

(o)
4 5ps

0.0
I

Q

I

— Ct)
",

.

I

I

I

I

I

I

I

I

I

I

I

(e

Ops

i

0. 0

I

I

I

I

I

I

I

I

s

I

I

I

I

I

I

I

/'

/

Ops

.

cj

I

I

I

I

I

I

I

1

I

I

'.

:

I

I

I

I

I

I

»

'

I

I

I

&:

I

I

I

I

I

1

I

i

&'.

~l

t

Q

1&

1

17 2

17.3

17.4

17.5

Laser Tuning

1~. 1
I'1

17.2

0

I

I

17 3

I

J
17.4
I

17."

err)

FIG. 4. The photoionization signal for 4.5-, 1.0-, and 0.42-ps
pulse lengths versus frequency tuning of the laser, 17505 cm
being the two-photon ionization limit. (a), (b), and (c) are the
two-photon ionization signals. The rough curves are the data,
the smooth solid curves are the calculated spectra which includes transitions to the Rydberg states and the dashed curves
are a calculation which neglects the Rydberg state interaction.
(d), {e), and (f) show data of the total ionization signal including
the photoionization of the Rydberg states. The maximum shift
at the peak of the pulse for the three pulse times is 800, 1600,
and 2000 cm ' for the 4.5-, 1.0-, and 0.42-ps pulses, respectively.
only adjustable parameter in the calculation is the overall
normalization. As can be seen i~ Fig. 4, the signal agrees
well with the calculation. %e have also performed the
calculation assuming a purely diabatic traversal of the
Rydberg states (dashed line), ignoring the possibility of
population transfer to the Rydberg states. This assumption leads to the prediction of a larger two photon photoionization yield, which does not agree with the data. The
effect is more pronounced for longer pulse times where
the passage through the Rydberg anticrossings is slower,
resulting in increased population transfer to the Rydberg

states.
Figures 4(d), 4(e), and 4(f) show the total photoionization signal, i.e. , the sum of two-photon ionization and
three-photon ionization via the Rydberg states, as a function of laser wavelength for 4.5-, 1.0-, and 0.42-ps pulse
lengths. The pronounced minimum in Fig. 4(d) is due to
the population being trapped in high Rydberg states
which have a low rate of photoionization, due to the n
cross section. For the
scaling of the photoionization
shorter pulses the minimum is less pronounced but still
present.
A broad range of experimental data shows unambiguously a marked dependence on the pulse length of the
laser. The excellent agreement between the data and calculations based on the dynamic Floquet model show that
it gives an accurate description of the evolution in a laser
pulse over a substantial range of pulse lengths.

IV. CLOSELY SPACED STATES AND CONTINUITY
AT THE IONIZATION LIMIT
In Sec. II, we showed that the coupling V„, between
. For
the 4s and nd Floquet state was proportional n
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isolated avoided crossings between the 4s and nd states,
the minimum separation between the two Floquet states
is V„. However, since the coupling decreases less rapidly
for increasing n than the spacing between states, which is
in atomic units, the assumption of isolated
equal to n
avoided crossings is not valid for all n. This situation is
shown in Fig. 5 for a laser tuning of 17300 crn ', for
which the zero field 4s Floquet state lies just below the
17d state. In Fig. 5 both the coupling (solid line) and the
spacing between adjacent n states (dashed line) are shown
versus n. The spacing between states falls off as n
The coupling initially increases, since higher intensity is
necessary to shift the 4s state into resonance with the
higher n states, reaches a maximum at n =25 and then
falls off as n
above n =25. At n =29 the size of the
coupling is equal to the spacing between states and above
this state, the coupling is larger than the spacing between
states.
The significance of this situation can be seen in Fig. 6,
which shows the diagonalized adiabatic Floquet energy
levels (in terms of the binding energy) versus the laser intensity. The dotted line represents the energy of the 4s
state excluding the interaction with the nd states. The
isolated avoided crossings can be easily seen for the
lowest n state. However, where the 4s Floquet state intersects the higher n states, the energies of a number of
nd states are perturbed for any given laser intensity; i.e.,
the 4s Floquet state is interacting with many n states
For the highest n states, the presence of
simultaneously.
the 4s Floquet state is difficult to discern. In this regime,
which we shall refer to as the strong-coupling regime,
many Rydberg states are coupled together via the interaction with the ground state. The composition of the
diagonalized states in the strong-coupling
regime is a
mixture of the ground state and many Rydberg states.
The ground-state character is spread among many of the
7
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FIG. 5. The coupling between the nd Rydberg states and the
4s Floquet states is shown {solid line) versus n for a laser tuning
of 17 300 cm ', so that the zero-field 4s Floquet state is 1ocated
just below the energy of the 17d state. The initial increase in
coupling is due to the increased intensity needed to shift the 4s
state into resonance with the higher Rydberg states. The eventual decrease in coupling is due to the n
dependence of the
coupling strength. Also shown is the spacing between Rydberg
states (dashed line) which has a n
dependence.
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FIG. 6. The diagonalized Floquet energy levels, in terms of
binding energy, are shown versus the binding energy of the diabatic 4s Floquet state for a laser tuning of 17 300 cm '. The nd
states range from n =21 to 42. For low-n states the avoided
crossings are well isolated. For the high-n states the 4s Floquet
state interacts with many Rydberg states simultaneously.
The
dotted line represents the trajectory of the 4s Floquet state
without interaction with the Rydberg states.

diagonalized Floquet states. The interaction between the
ground state and all the Rydberg states in this regime is
approximately equal, which causes the position of the
of
to "lock" at the energy
states
Floquet
—I /2(n + I/2)~. The locking is due to the equal repulsion from the neighboring state above and below. The
shift of 0. 5n
is due to the inclusion of an extra state,
the 4s Floquet state, in the Rydberg series. The locking
of energy levels occurs whenever a series of states are
strongly coupled through a state outside of the series.
The locking of Rydberg states has been shown in the
strong-coupling region in atomic collisions t23] and in the
coupling of Rydberg states via one-photon interaction
with the continuum [24].
The transition probabilities due to overlapping avoided
crossings have been investigated previ. ously for their importance in atomic collisions [25]. A theoretical result of
this work is that the probability of a system's remaining
in the initial diabatic state after traversing a sequence of
avoided crossings is the same whether or not the avoided
crossings overlap. In other words Eq. (8), which gives the
population in the ground state after traversing many isolated avoided crossings, is valid even if the avoided crossings are not isolated but overlapping [26].
In the Appendix we show explicitly that the transition
probability from the initial state to a sequence of final
states is the same if the avoided crossings are isolated or
if all the final states are degenerate. We then present
qualitative arguments as to why the degeneracy of the
states is not critical to the result.
To test the prediction that the Landau-Zener formula
applies irrespective of whether or not the avoided level
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crossings are isolated, we have examined the population
remaining in high n states where the avoided crossings
are overlapped, as shown in Fig. 6. Figure 7 shows field
ionization data versus time, taken for four tunings of the
laser. For the four tunings of Fig. 7, the laser pulse was 4
ps (FWHM), and the peak ac Stark shift of the 4s Floquet
state was 175 cm '. The top of the figure shows the corresponding n values of the data. The relationship between the time and the n states can be found using the
time dependence of the electric field, which increases as
t over the range of the data shown, and the n dependence of the field ionization, given by E„=1 /16n, which
. At these values of n we
gives the relationship n ~ t
cannot resolve individual Rydberg states. However, one
can see that the signal initially increases with increasing
n, due to the increasing intensity needed to shift to higher
n states, reaches a maximum, and then decreases as n increases.
The Landau-Zener calculation, shown by the dotted
line, includes spatial averaging and reproduces the data
very well. The only adjustable parameter in the calculation is the overall normalization.
The normalization between calculations for di6'erent tunings was not adjusted.
The agreement between the data and the calculation
demonstrates that the simp1e Landau-Zener transition
model accurately describes the population transfer between the 4s Floquet state and the excited states even in
the strong-coupling regime.
It has been shown theoretically and experimentally
that the Landau-Zener transition probability can be used
to describe transitions to bound states, even if the avoided crossings are overlapping. We now show theoretically
that this method may be extended across the ionization
limit, to give the energy distribution of the ejected elec-

trons.
Consider a group of Rydberg levels which span an en-
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FIG. 7. The field ionization signal (solid curve) versus time is
shown for four tunings of the laser with the tunings of (a), (b},
(c), and (d) being 60, 40, 19, and 13 cm ' below the two photon
ionization limit, respectively. The upper x axis shows the corresponding n values. The simulated spectra (smooth curve) which
was calculated using Landau-Zener transitions is in good agreement with the data.
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ergy range 6$'as shown by Fig. 6. If we are interested
in the total transition probability from the ground state
to these levels, how many levels there are and their precise arrangement are unimportant.
Only the sum of the
squared coupling matrix elements, QV„plays any role.
the
Using Eq. (A9) from the Appendix we can write
probability of the atom's remaining in the ground state
after traversing the X avoided crossings as

I',

—2ag V„

P =exp

dw

(22)

Idt

and the probability of finding the atom in one of the
Rydberg states is given by

P~ =1 —
Pg .
Equivalently,

Pz

X

(23)
gives the transition

probability

to states

of final energy between W and W+5W. An important
point to remember is that it is unimportant whether there
are ten or one thousand states in the energy range 6 W if
only g V„enters into the transition probability.
We ultimately wish to find the transition probability
into final states in the energy range AW. First, we convert the sum of Eq. (22) to an integral over the energy
range 6 W using

d X Vn dn
dn
dW

=V

n

n

AW.

For energies just below the ionization limit the squared
matrix element V„exhibits a 1/n scaling, as described
previously. Explicitly,

V„= A (E)n
For

(25)

two-photon
process we have described,
V„ is the squared matrix element per state.
It can be converted to the squared matrix element per
unit energy, Vz, by multiplying by the density of states
A

the

(E) ~E .

dn IDw
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to the ionization rate
(28)

which is simply Fermi s golden rule, since Vz is the
squared matrix element between the initial state and a
continuum state normalized per unit energy. At any energy the rate at which electrons are ejected is simply
given by the photoionization rate at that energy and laser
intensity. In a more general way, we can use Eq. (28) to
describe the excitation to the final states in an energy
range 68'irrespective of whether they are bound or free.
Because of the small shifts in our experiment, we cannot resolve the energy spectrum of the electrons which
undergo two-photon ionization. However, field ionization provides high resolution of the energies of the Rydberg states. We can rescale the field ionization signal in
terms of binding energy to compare the data to our calculation. By rescaling the data, we are treating the high
Rydberg states as continuum states in which the number
of electrons produced per unit energy is the desired information. The rescaled data of Fig. 7 are shown in Fig. 8
along with a calculation for the population per unit energy. The field ionization data are cutoff at the ionization
limit, whereas the calculation extends to the maximum
shift of 175 cm '. The data are in excellent agreement
with the calculation. As in Fig. 7, the only adjustable
parameter is the overall normalization.
The calculated
spectra in Fig. 8 are identical for all of the laser tunings
except for the energy offset due to different starting
points. The spectra are the same because the interaction
per unit energy does not change over the range of the experiment. The shape of the energy spectra comes from
the coupling which is increasing with intensity and the
spatial volume which decreases with increasing peak intensity.
6x10

=n,

V~=

d+ V„

=V„n =A(E) .

(26)

3

When expressed as a squared matrix element per unit
energy VE passes smoothly across the ionization limit, so
we can write the transition probability from the initial
state to the X states over an energy 6 W as
P&.

= 1 —exp

—2~VEaW

—60

d W/dt

irrespective of whether the energy is above or below the
limit. The equivalence of bound and continuum states
comes from the fact that V„only depends on the small r
part of the Rydberg or continuum wave function.
Equation (27) gives a transition probability to the states
in the energy range 5W. This energy range is crossed in
a time At, and dividing Eq. (27) by b, r and taking the limit
At~0 gives the ionization rate above the limit. Taking
the limit b, t~0, hW/b, t =dW/dt and Eq. (27) reduces

—40

—20
Binding

0

Eve;gy

FIG. 8. The two-photon excitation signal per unit energy is
shown versus binding energy for three tunings of the laser with
' below the two photon
(a), (b), and (c) being 60, 40, and 19 cm
ionization limit, respectively, with a laser pulse of 4-ps duration
and a maximum ac Stark shift of 175 cm '. The data (rough
line) cuts off at the ionization limit since we only detect electrons left in Rydberg states. Up to the ionization limit, the data
shows excellent agreement with the calculated spectra {smooth
line) The calculation for the three tunings is identical except
for the shift in energy position.
~

LANDAU-ZENER TREATMENT OF INTENSITY-TUNED. . .

50

The calculation shown in Fig. 8 does not include the
possibility of the populations returning to the ground
state during the falling edge of the pulse. When the twophoton transition is to the continuum, after excitation the
electrons move away from the atom so that during the
falling edge of the pulse there is no possibility of making
an adiabatic transition back to the ground state. The
same is true for the high Rydberg states which have long
classical orbit periods. Even though the Rydberg electrons eventually return to the core, for Rydberg states
above n =30, which has a classical orbit period of 4 ps,
the laser pulse is over before the return. For low-n states,
with well separated avoided crossings, such as the case in
Fig. 2, we can treat the wave functions as individual stationary states. For the intermediate n Rydberg states,
n =30, the return of the wave packet during the laser
pulse should be considered. For the data shown in Fig. 8,
the lowest Rydberg s|;ate populated is n =43 so that we
can neglect the return of the wave packet.
Using Eq. (27} we can calculate the ionization probability per unit energy for a single peak intensity, without the
complication of spatial averaging. This calculation is
shown in Fig. 9 for a 4-ps laser pulse with various peak ac
Stark shifts of the 4s Floquet state ranging from 100 to
220 cm '. The zero-field position of the 4s Floquet state
is at zero binding energy (at the ionization limit). For the
lowest peak intensities, the probability of ionization is
greatest near the peak shift because of the slow rate of
change of the energy of the 4s state near the peak of the
laser pulse. Near the peak of the laser pulse, the second
derivative of the energy correction of Eq. (10}must be included. For the highest peak intensities, the probability
falls off before reaching the peak of the laser pulse. This
decrease in ionization probability is due to depletion of
the ground-state population before reaching the temporal
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peak of the laser pulse. For higher peak intensities the
ionization probability spectrum does not change. Virtually all atoms are ionized before the 4s Floquet state
reaches a shift of 220 cm '. A model which includes the
spatial variation of the laser pulse intensity such as the
one used to generate Fig. 8 is made up of many diagrams
such as the ones in Fig. 9. The diagrams are scaled by
the appropriate spatial volume and added together with a
cutoff at the peak intensity at the center of the laser
beam.
To observe the spectrum in Fig. 9 experimentally, a
laser with a large beam waist interacting with atoms in a
small interaction region would be required to remove the
spatial volume effect. The small interaction region can be
achieved with a small aperture of the atomic beam along
with a small collection hole. The requirement on the
laser power to achieve large shifts without focusing is a
much more difficult obstacle to overcome. However, by
using high-resolution field ionization of Rydberg states as
opposed to energy analysis of free electrons, small shifts
due to relatively weak laser fields can be detected which
may allow the observation of single peak intensity effects.
This analysis suggests that photoionization
can be
viewed as a continuous series of Landau-Zener transitions. The advantage of this view is that it predicts the
energy distribution of the photoionized electrons and predicts the depletion of the ground state during the rising
edge of the laser pulse. In this view of photoionization, a
"short" pulse is defined as a pules which does not saturate the photoionization during the rising edge of the
pulse, so that the largest contribution to the ionization
signal comes from the peak of the pulse producing a cusp
such as the one seen in Fig. 9(a}. The calculation shown
in Fig. 9(g} which has the same pulse duration (4 ps}
would not be considered a short pulse since the photoionization is saturated during the rising edge of the pulse.
So the determination of whether a pulse is "short" depends not only on the pulse duration but also on the peak
intensity. As the peak intensity increases, the pulse duration must be shortened to remain in the short-pulse regime.

V. CONCLUSION
(c)

:= 0.02
0
I

CL

~

0

0. 01

O
N

C

—0.00

100
Energy

150

(cm

)

FIG. 9. The calculated ionization probability per unit energy
is shown versus energy for pulses with peak ac Stark shifts of
(a), (b), (c), (d), (e), (f), and (g) being 100, 120, 140, 160, 180, 200,
and 220
respectively. These calculations do not include
spatial averaging. For the lowest intensity pulses, sharp cusps
are seen at the peak ac Stark shift due to the slow rate of change
of the energy of the 4s Floquet state near the peak of the laser
pulse. The highest intensity pulses show depletion of the
ground state during the rising edge of the pulse.

cm,

We have observed the population of Rydberg states of
intensity-tuned
resonances with the
ground state during the rising edge of laser pulses of
varying pulse lengths. We have found that the resultant
spectra depend strongly on the pulse length because of
the change in the rate at which the resonances are
traversed. The population of Rydberg states was found
to have a profound effect on the photoionization probability due to depletion of the ground-state population and
the relatively small cross section for photoionization of
the high Rydberg states. A dynamic Floquet model
which treats the intensity-tuned
resonances as avoided
crossings of the Floquet states gives excellent agreement
with the data. The Floquet model is found to be valid in
the strong-coupling regime where the 4s Floquet states
Beinteracts with many Rydberg states simultaneously.
cause the high Rydberg states evolve smoothly into the

K via two-photon
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continuum, these states provided a test of the extension
of the Floquet model into the continuum to predict the
energy spectrum of photoelectrons.
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the excited states. The time-dependent
inserted into the Schrodinger equation,

H~q(t)
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APPENDIX

i
The limiting case of closely spaced states is a system
with N degenerate excited states. This case is instructive
in understanding
the strong-coupling regime and will be
described in detail here. The Hamiltonian for this system
can be written as

H =Ho(t)+ V(t)

(A 1)

where Ho has its+1 eigenvectors
runs from 1 to N with
H,

~g

) and

~n

) where

n

(A2)

and
&

(A3)

.

For the degenerate case co„ is the same for all n. V(t) is
the interaction between the ground state and the excited
states. We start with the general time-dependent wave
function

f tvs—dt'
+ g C„(t) exp
f

~ttt(t)=Cs(t) exp

i

X

i

0

~g

dt'
co„—

Cg

ico

)

n

),

(A4)

where C is the time-dependent coefficient of the dressed
ground state and C„ is the time-dependent coefficient of
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